An interactive surface editing framework that is well suited to the needs of geophysical modelers and interpreters is described. This surface editing framework allows a non-expert user to quickly create complicated surfaces by combining two simple concepts: deformation and cutting. Deformations change the geometry of a surface and allow a user to model continuous geologic horizons. Cutting changes the topology of the surface to model geologic faults.
INTRODUCTION
Models of the subsurface are useful for visualization and interpretation of complicated subsurface structures, and they are needed to perform numerical simulations of wave or fluid propagation. Earth models can be estimated from seismic images using image processing techniques, but a purely algorithmic approach to subsurface model creation rarely produces completely accurate results. Figure 1 shows an example of an algorithmically created surface that has not tracked the structure of the seismic image across an apparent fault. In such cases, human interaction may be required, and a computer aided design (CAD) interface is needed to edit the surface. Figures 2-4 show a CAD interface that I have developed to perform geologic surface modeling. This interface allows a user to model features of the subsurface by performing deformations (Figure 2) and cuts ( Figure 3 ) to the surface.
Typically, surfaces in CAD applications are modeled as a mesh of triangles. Figure 5 shows the cut performed in Figure 3 with the triangles drawn. Notice that the triangles in Figure 5a are intersected by the cut path in many different ways, and the resulting elements, after intersection, are not guaranteed to be only triangles. Some of the elements are quadrilaterals. In general, care must be taken when editing a triangle mesh to ensure that the mesh is still valid after editing (Figure 5b ). Botsch and Kobbelt (2004a) describe a surface editing framework that can be extended to fit the needs of earth modelers. Their framework, called boundary constraint modeling (BCM), is based on the idea of freeform modeling (Welch and Witkin, 1994) . BCM uses a simple intuitive modeling metaphor that allows a user to pull on and deform an area of the surface with a single action. BCM hides all of the operations on the underlying triangles, resulting in a pliable surface that can be shaped by pushing or pulling on areas. This can be contrasted with other surface editing frameworks that require the user to simultaneously manipulate many control points or move individual vertices of the mesh to perform an edit.
While BCM is a simple technique for modeling shapes that are smooth and continuous, it does not provide a way to create discontinuous surfaces. This is a problem for geologic modelers, Figure 1 : The blue surface which was estimated using an image processing technique attempts to track a geologic horizon in the 3D seismic image, but the automatic tracking has gone off course. as subsurface structures can end abruptly and are inherently discontinuous, e.g. faults and unconformities. To account for these unconformities, this process gives a user the ability to create cuts in a surface model.
Surface cutting can be divided into two distinct operations: cut path specification and remeshing. A cut path defines a curve along a surface that a cut traverses, and remeshing makes changes to elements of a surface in order to open a cut in a surface.
The idea of cutting a 3D triangle mesh is seen in virtual reality surgical simulators (Bruyns et al., 2002) . These surgical simulators provide many useful ideas on how to cut a mesh, but there are some key differences from earth modeling that must be considered. The first major difference is that modeling applications allow a user to look at and consider a possible cut path before performing the cut operation. Cut editing is rarely done in surgical simulators. In a typical surgical simulator, a user drags a tool, e.g. a scalpel, across a surface that models human tissue and as the tool is being moved the surface is interactively cut. A tool-dragging interface does not allow for the editing of a cut path and may lead to jagged cut paths if the user does not have a steady hand. For modeling applications, a different interface is preferable.
I have developed an interface that allows a user to simply place several control points on a surface to create a cut path. The control points are then connected together to create a cut path which can be edited by dragging any of the control points to a new location. The ability to easily edit a cut path makes this interface ideal for subsurface modeling. Bruyns et al. (2002) call this type of interface "seed point based" and state that the challenge of using a seed point based method is determining how seed points are used to form a continuous path across a surface. One simple idea is to compute the geodesic shortest path between seed points. Unfortunately, using the geodesic shortest path to connect seed points has a drawback which is illustrated in Figure 6 . As we can see, the geodesic shortest path between points is not easily predictable. This path may not look like the shortest possible path when the surface is projected into a 3D perspective view, and may be an undesirably convoluted path that runs behind parts of the surface.
Here, I present a method for finding a path along a surface between seed points that is more intuitive, more efficient, and easier to implement than the geodesic shortest distance path.
The new method takes into account the user's current view of the surface, and ensures that the path between seed points can be seen. This leads to less ambiguity in the user interface.
The new path can be found by performing simple object intersection tests and can be computed in time proportional to the number of edges intersected by the cut path. After a cut path has been created, the area around the path must be remeshed to open a cut in the surface. As stated above, care must be taken to ensure that a resulting mesh is valid. I describe a method that is similar to many of the surgical simulator remeshing algorithms but is better suited for use with a seed point based cut path. 
BOUNDARY CONSTRAINT MODELING
BCM uses a simple modeling metaphor that allows a user to quickly make changes to a surface. In order to perform a deformation, a user must first select an area of the surface to be modified. I call this area the deformable region. An example of a user selected deformable region is shown in Figure 7a (the green area). The remaining surface, the part outside of the deformable region, is defined to be fixed; thus a user knows that a deformation will only make local changes to a surface.
It should be noted that, by selecting a deformable region, a user is actually specifying the boundary conditions of a cost function that will be minimized to find the new deformed surface. The cost function is made to favor smooth surfaces. The deformed surface is then defined to be the surface that meets the boundary constraints and minimizes the cost.
There are several possible user interfaces for interactively selecting a deformable region. The deformable region in Figure 7a was selected by interactively painting the surface. As a user clicks and drags on the surface, the vertex nearest to the user's clicked point is found and added to the deformable region. The paint brush size can be enlarged by adding the neighboring vertices to the deformable region, and an arbitrarilysized paint brush can be created by recursively adding the neighbors of already selected vertices to the deformable region.
Alternatively, a deformable region can be selected by placing a loop on the surface, and then adding all of the vertices inside of the loop to the deformable region. A loop path can be thought of as a cut path that starts and ends at the same point.
After selecting a deformable region, a user can drag any point in the region to a desired location. The remaining deformable Figure 8 : The cut path between two seed points (yellow boxes) can be found by intersecting the object (red sphere) with an unbounded slicing triangle (cyan). The view plane is shown in transparent magenta. The slicing triangle is found by projecting the seed points to infinity and connecting these projected points with the user's eye points (green box).
region is smoothly pulled along as the point is moved (Figure 7b) . The deformed surface is displayed in real time as the point is moved. Normally, this real-time update would not be possible as the cost function minimization must be performed many times per second in order to achieve a sufficient frame rate. However, Botsch and Kobbelt (2004a) perform a precomputation step that allows the minimization to be performed only once for an entire deformation. This speedup means that BCM is capable of performing freeform deformations on a large number of triangles (250k) interactively. By repeating this procedure of defining a deformable region and pulling on the surface, a user can quickly create a complicated shape.
FINDING THE CUT PATH
Before a cut can be created in a surface, the cut must be defined. As stated above, the cut path is created by placing seed points on the surface, and then the software connects them together to form a continuous path. A path which consists of more then two control points can be separated into several paths of only two control points, and these smaller paths can then be handled individually. But, how should two seed points be connected together because, on a 3D mesh there are many possible paths between any two points?
I propose that the cut path should be created by considering a user's current view of a surface and picking the path that is closest to the user's screen. The closest path is found by creating an unbounded triangle using rays that start at the user's view point and intersect the seed points (Figure 8 ). These rays create an unbounded triangle that intersects the surface as a polyline between seed points. The polyline is the cut path.
Note that a list of edges intersected by a cut path can be found by walking along the mesh and performing intersection tests with the unbounded slicing triangle. 
CUTTING THE SURFACE
I introduce a cut remeshing algorithm that consists of four steps: triangle subdivision, edge breaking, edge cloning, and vertex cloning. Triangle subdivision (Figure 9a) creates new vertices at cut path seed points. Edge breaking (Figure 9b ) is a common meshing operation (Botsch and Kobbelt, 2004b,pg. 5) . In an edge break operation, the original edge is divided into two edges, and two new edges are added in the neighboring triangles. The algorithm then walks along the cut path and performs an edge break at every edge that is intersected by the cut path. After the edge breaks are completed, there is a sequence of edges in the mesh that are coincident with the cut path. Edge cloning (Figure 9c ) creates a new edge that is completely coincident with an existing edge. This new edge forms an invisible boundary in the mesh between the the two vertices of the original edge. Vertex cloning builds (Figure 9d ), on edge cloning by creating a new vertex and connecting it to newly cloned edges on either side. The new vertex and the original vertex should be separated slightly by moving them apart along the broken edge.
If the cut path travels near a vertex, as seen in Figure 10a , many short edges may be created in the mesh. Note that adding extra edges to a mesh does not make the mesh invalid, but these extra mesh elements may introduce an additional computational and storage cost to subsequent mesh operations. To avoid this extra cost, I perform an extra step, after the cutting operation has been completed, that removes unneeded mesh elements while preserving the shape of the cut. This extra step is based on the isotropic remeshing algorithm presented by (Botsch et al., 2006,pg. 95) . In this extra step, edges that are shorter than the average edge length are collapsed to their midpoint. Figure 10b shows the final mesh (after performing the edge collapse step) of the cut created in Figure 3 .
CONCLUSIONS
I have developed an earth modeling framework that is based on BCM and surface cutting. BCM allows a user to quickly model a geologic horizon, and cutting allows a user to model discontinuous features, such as geologic faults. The combination of deformation and cutting yields an intuitive user interface that is understandable by even a non-expert user.
